An investigation of the performances in Fischer-Tropsch reaction of 1wt% M/WC(X) (M = Co, Ru; X = A, B), where A is a tungsten carbide protected by free carbon and B is a clean tungsten carbide, was carried out. Supported catalysts performances were compared to those of the parent tungsten carbides at 473 K and 20 bar. It was found that WC(A) produces mainly hydrocarbons but also 20-40% alcohols, whereas WC(B) activity is only towards linear alkanes. Before catalytic test, a reduction in pure hydrogen allows obtaining Co 0 and Ru 0 dispersed on layers of free carbon covering the WC core for the WC(A), and on a surface free of oxygen for WC(B). Co as Ru dispersions are improved on WC(B) compared to WC(A). A direct consequence is that Co/WC(B) has a better activity than Co/WC(A). Ru-W alloy formation could be responsible of the inobservance of a better activity for Ru/WC(B).
Introduction
The world stocks of natural gas increase continuously and represent at present the estimates of the world wild resources crude oil. Valorization of this natural gas induces a renewed interest for the Fischer-Tropsch reaction which is one of the major routes of natural gas utilization.
The Fischer-Tropsch reaction can lead to a broad range of products, i.e. hydrocarbons, alcohols, acids, esters, … from a mixture of carbon monoxide and hydrogen. FT synthesis proceeds on supported transition metal catalysts, Co or Fe on oxide supports generally Al 2 O 3 or SiO 2 [1] [2] [3] . By opposition few works have been carried out on carbon related supports [4] [5] [6] . Conventional FT catalysts are prepared via aqueous impregnation of porous oxide supports with solutions of various metal salts. Among the different parameters affecting the catalytic performances, the nature of the support is a key factor. The major drawback of silica and alumina supports is the formation of cobalt aluminate or silicate during the calcination of cobalt precursor. Cobalt incorporated in these phases is not reduced during hydrogen treatment before catalytic test at conventional temperature. Hence the amount of available metallic cobalt for FT reaction is significantly reduced, leading to a decrease of the activity.
Similarly selectivity can be tuned by the nature of the support. For example, ruthenium which is a well-known metal to have the capacity to increase the alkane chain length produces heavy 3 W.m -1 .K -1 : 26-35 for Al 2 O 3 , 60-80 for WC and 63-155 for SiC) [9] . Such properties are relevant to Fischer-Tropsch reaction conditions, which is a highly exothermic process that operates at moderate pressure. I. Kojima et al. have previously shown that group VI transition metal carbides (particularly molybdenum and tungsten based catalysts) are active for FT reaction [10] . L. Leclercq [11] and H.C. Woo [12] have reported that tungsten and molybdenum carbides produced mainly light alkanes, whereas the formation of alcohols is related to the surface stoichiometry and to the extent of carburization [11] . tungsten carbide due to the deposit of free carbon layers at the surface. On the contrary, the reactivity of supported metal can depend both on physical and catalytic properties of WC(B).
The catalysts have been extensively characterized by elemental analysis, nitrogen adsorption, X-ray diffraction (XRD), H 2 -TPR, X-ray photoelectron spectroscopy (XPS). The characterizations are discussed together with the catalytic performances of the samples in Fischer-Tropsch synthesis.
Experimental

Preparation of the catalysts
Synthesis of tungsten carbide
Bulk tungsten carbides were prepared by a Temperature Programmed Experiment.
A precursor oxide WO 3 (10 g) (Fluka, 99.9% purity) was first heated at 823K for 10 h in flowing nitrogen (10 l.h -1 ) and reduced and carburized in a mixture of 20% CH 4 -H 2 at a flow rate of 10 l.h -1 from room temperature to a final value of 1073 K (β = 60 K.h -1 ). The isotherm was maintained for about 8 h. After cooling down to room temperature, the mixture of methane-hydrogen was replaced by a N 2 flow (10 l.h -1 ) for one hour. By this procedure a tungsten carbide protected by free carbon on the surface was obtained [14] .
The experimental procedure described above was completed by a cleaning step in order to remove free carbon from the tungsten carbide surface. After carburization, the sample was submitted to a flow of pure H 2 (8 l.h -1 ) from ambient temperature to 1073 K (100 K.h -1 ).
The final temperature was kept for one hour. Carbon removal was followed on line by the detection of methane with gas chromatography analysis. The sample was then submitted to a flow of N 2 (10 l.h -1 ) for one hour before to be passivated at room temperature in a 2 % O 2 -N 2 mixture for 2h (3 l.h -1 ) to protect the catalyst against deep oxidation.
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Hereafter the solids will be noted WC(A) for tungsten carbide protected by free carbon and WC(B) for clean tungsten carbide.
Synthesis of supported catalysts
The catalysts were obtained by wet impregnation of tungsten carbide with an aqueous solution of respectively ruthenium chloride dihydrate (Fluka, purum, ≈ 38-40% Ru) or cobaltous nitrate hexahydrate (Fluka, ≥ 98 % purity), in order to have a nominal content of 1wt% Ru or Co. After slow evaporation of the solvent, the solids were dried at 393K
overnight. Hereafter the solids will be denoted M/WC(A) and M/WC(B), where M is the Co or Ru metal.
Physical characterizations
Elemental analysis. The chemical analyses of the supported catalysts were determined by atomic absorption for Co, W and Ru and by coulometry for C, by the Central Service of Chemical Analysis of the CNRS (Vernaison, France).
Surface area. The B.E.T. surface areas were measured by a single point BET method using a QUANTASORB J.R. apparatus. Before experiment, the fresh catalysts were outgassed in a flow of nitrogen for 30 mn at 423K.
X-ray diffraction. XRD patterns were recorded at room temperature by a SIEMENS D5000 diffractometer using Cu K α radiation.
XPS. The X-ray photoelectron spectra (XPS) were recorded with a VG ESCALAB 220XL spectrometer equipped with a monochromatized Al source (Al K α = 1486.6 eV). The analyser was operating in a constant pass energy mode (E pas = 30 eV) using the electromagnetic mode for the lens. The resolution measured on Ag 3d 5/2 peak was 0.75 eV.
Due to the metallic and conducting character of the samples, no charge effect was observed H 2 /Ar gas mixture through the catalyst while increasing temperature at a linear rate. The amount of samples was about 200 mg. The gas flow velocity was 50 ml.mn -1 ; the rate of temperature ramping was 5 K.min -1 . The reduction gas mixture was purified with the use of water and oxygen traps. The gaseous products evolved at the outlet of the reactor were analyzed by mass-spectroscopy (OMNISTAR).
Catalytic activity measurement
The catalytic tests were performed in a stainless steel fixed-bed flow reactor operating at 473-533 K and total pressure of 20 or 50 bar with VSV equal to 6000 h -1 (VSV :
Volumetric Space Velocity defined as the reactant gas flow divided by the catalyst volume). was reported as the percentage of CO converted into a given product expressed in C atoms, excluding CO 2 . S(C n ) and S(C 5+ ) were referred respectively to the selectivity in hydrocarbons with n carbon atoms and to the selectivities of all hydrocarbons in the gas phase with a carbon atom number higher than or equal to 5. By the same way, S(COH) is the global selectivity in alcohols. Carbon mass balances were respected within the margin of error of around 20 % for all catalysts. (Table 1) . For WC(B) sample, rid of free carbon, the C/W ratio of 0.7
Results
Catalyst characterizations
clearly shows that free carbon as a significant fraction of carbidic carbon have been removed as stated above.
Surface characterization has been performed by XPS ( surface covered with free carbon or not. Indeed, after air exposure, the WC(A) carbide surface is protected from the excess carbon whereas a W 6+ phase is induced during the passivation step for WC(B).
For the two samples, the C 1s spectrums show two peaks which evidence carbidic carbon (B.E. = 282.8 eV [18] ), free carbon (B.E. = 284.5 eV) and a tail at higher binding energy values (B.E. at about 288 eV) relative to oxidized carbon (Fig. 4) . The free carbon arising in the C 1s peak at 284.5 eV for WC(B) results from a contamination in the spectrophotometer, whereas for WC(A), it is mainly due to carbon deposit arising from CH 4
decomposition. The C/W ratio determined by XPS analysis (Table 3 ) is substantially higher than that measured by chemical analysis for WC(B) ( Table 1 The total surface area of the catalysts was low (< 10 m 2 .g -1 ) (Table 1) , but the aim of the preparation was to obtain tungsten carbides with well-defined structure and not to optimize the specific surface of the material.
Supported catalysts
The X-ray diffraction patterns of the WC supported Co and Ru catalysts are rather similar with that of the tungsten carbide parent (Fig. 2) . It is worthy to mention that the proportion of the metallic tungsten phase decreases by impregnation of WC(B) with aqueous solution of cobalt or ruthenium. Tungsten metal likely reoxidized during the impregnation to
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give an amorphous oxide phase not detected by XRD. Due to the low metal content, no metal (Co or Ru) phases were detected. Co and Ru weight percentage of the samples (Table 1) was closed to the expected 1wt% value. The specific surface areas were in accordance with the parent sample ones.
The Ru 3d, Co 2p, W 4f, C 1s XPS spectrums of the supported catalysts are reported figues 5 to 8.
For the WC supported ruthenium catalysts, the Ru 3d signal extracted from the C 1s envelope ( Table 2 , Fig. 5a and 5b) exhibits a Ru 3d 5/2 peak at B.E. around 281.7-281.9 eV characteristic of Ru 3+ [19] . Fig. 6a and 6d) [20, 21] . It is worth mentioning that the M/W T XPS atomic ratio substantially increases (0.13 to 0.49 for Ru, 0.15 to 0.96 for Co) changing from A to B support ( Table 3 ).
The C 1s and W 4f envelops and the atomic ratios W c /W T and C C /C T for WC supported ruthenium and cobalt catalysts compared with WC(A) keep unchanged ( 
a) H 2 -TPR experiments
The H 2 -TPR profiles of the WC(B) based catalysts are given on Figure 9 . For Co/WC(B) and Ru/WC(B) samples the gaseous products evolved from the exit of the reactor have been monitored by mass-spectroscopy.
For WC(B), the H 2 -TPR profile of WC(B) shows a very small consumption of hydrogen from about 650 to 900 K (Fig. 9a) . This slight consumption is likely due to the removal of oxygen atoms from the passivation layer as water [22] .
The H 2 trace of Co/WC(B) has a complex envelop which consists of a small peak at 491 K and two high peaks at 677 K and 855 K (Fig. 9b) . By mass-spectroscopy, we first observe around 420 K an increase of m/e = 16, 17, 28, 44 signals having a maximum at 491 K, before to decrease to about 550 K (Fig. 10a) . The H 2 -trace of the Ru/WC(B) catalyst is only composed of two peaks: a large one centred at 417 K and another small one at 539 K with a long tail toward high temperatures (Fig. 9c) . The first H 2 consumption step is associated with a very weak CO 2 production, while removal of CO (490 -600 K) and CH 4 occur (480 -800 K) in the second step (Fig. 10b) . Such signals are again assigned to the removal of oxygen and carbon weakly bound to the surface of the catalyst.
H/Ru atomic ratio of 3.7 for the first peak of H 2 consumption (300-480 K) is higher than the expected value of 3.0 corresponding to the complete reduction of Ru 3+ into Ru metal (Table 4) . This difference is likely due to the removal of oxygen mainly incorporated during the passivation step as H 2 O which is not seen here because it is trapped before TCD detection.
The second peak is the removal of oxygen and carbon impurities weakly bound to carbidic surface.
For Co/WC(B) the first H 2 -TPR peak is related to the thermal reduction of nitrate species into ammonia. However, partial reduction of Co 2+ can not be ruled out in spite of the low temperature. In the second step (peak at 677 K), reduction of cobalteous species into metallic cobalt occurs, then removal of oxygen and carbon entities weakly bound to the surface happen.
To conclude H 2 -TPR experiments carried out on WC(B) species have clearly shown that the Ru 3+ cation as expected is more easily reduced than Co 2+ and that most of the impurities originating mainly from the passivation step are removed to give Co and Ru metal on a clean tungsten carbide surface.
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The reduction temperature before catalytic testing has been chosen at 673K The evolution of the XPS Ru/W T and Co/W T atomic ratios before and after reduction, which is related to the dispersion of the metal, has been investigated ( (Table 5 ) is as follow: mainly light alkanes (C 1 -C 4 : 63%), higher alkanes up to C 10 (C 5+ : 15%) and alcohols (COH: 22%). As temperature is increased, formation of light alkanes increases at the expense of C 5+ and alcohol production.
A similar behaviour is obtained at 50 bar. All these observations are consistent with previous
hal-00342701, version 1 -28 Nov 2008
works which have shown that the production of light products is favoured by an increase of the reaction temperature [28] . Noteworthy CO 2 production is only observed for the highest temperature here of 533 K.
For comparison, WC(B) has been studied by catalytic test realized at 473K and 20 bar (Table 6 ). The conversion is low as for WC(A). WC(B) gives light alkanes (C 1 -C 4 : 78%) and heavier alkanes (C 5+ : 22%), with no alcohol production. 
Study of WC supported Ru and Co catalysts
Discussion
After synthesis the two tungsten carbides differ from their surface state which consists respectively in polymeric carbon and oxide species for WC(A) and WC(B). Based from XPS results, ruthenium is better dispersed than cobalt on the polymeric carbon layer. As Ru dispersion is maintained after reduction in hydrogen, cobalt particles begin to coalesce. By contrast, cobalt and ruthenium species dispersed on oxide layer are much prone to aggregation after hydrogen pre-treatment.
Conversion of WC(A) and WC(B) are similar in the FT reaction despite free carbon removal after carburization by a H 2 treatment for WC(B) on contrary to WC(A). The activity
on WC(A) could be explained by the occurrence of a porous carbon layer, which allows the diffusion of H 2 and CO reactants to the active sites of the carbide. The striking difference in selectivity between WC(A) and WC(B) is that alcohol production occurs on WC(A).
Methanol and to a less extent ethanol and propanol are formed on WC(A). It is likely that the presence of the tungsten metal, which is well-known to dissociate CO, is able to hydrogenolyse the alcohols. Nevertheless selectivity of the two catalysts is mainly towards hydrocarbons in agreement with the literature [11] . They favour light hydrocarbons production compared to C 5+ formation. solution formation. Indeed, the solubility of W atoms in Ru is very high even at low temperatures, so it is energetically favorable for W atoms to diffuse into the Ru overlayers and form stable phases or alloys [30] . A previous studies related to the deposition of ruthenium overlayers on tungsten single crystals has clearly shown that incremental dosing of Ru causes intermixing of the ruthenium and tungsten atoms at the interface, even at fractional monolayer coverages [30] . Nevertheless, a specific interaction (electronic or geometric)
between the ruthenium particles and the tungsten carbide can also affect the catalytic properties of the sample. Besides, the marked activity discrepancies between Co/WC(B) and stated above, ruthenium addition on WC(B) has practically no effect on activity and selectivity. As stated above, the formation of a Ru-W alloy or specific interaction between ruthenium particles and tungsten carbide could tame here the metal Ru catalytic behavior.
Conclusion
An 
